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In an earlier paper [Phys. Rev. B 84, 035323 (2011)], we proposed a spin filter which was
based on a diamond-like interferometer, subject to both an Aharonov-Bohm flux and (Rashba
and Dresselhaus) spin-orbit interactions. Here we show that the full polarization of the outgoing
electron spins remains the same even when one allows leakage of electrons from the branches of
the interferometer. Once the gate voltage on one of the branches is tuned to achieve an effective
symmetry between them, this polarization can be controlled by the electric and/or magnetic fields
which determine the spin-orbit interaction strength and the Aharonov-Bohm flux.
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I. INTRODUCTION
Conventional technology usually exploits the electric
charge of the electron. In the last two decades, a new
technology has emerged called spintronics, which involves
the active control and manipulation of the spin degree of
freedom in condensed matter devices.1–3 Adding the spin
degree of freedom to the conventional charge-based tech-
nology has the potential advantages of multifunctional-
ity, longer decoherence times and lengths, increased data
processing speed, decreased electric power consumption,
and increased integration densities compared with con-
ventional semiconductor devices. Besides being useful
in contemporary technology, spintronics may also con-
tribute to the field of quantum computation and quan-
tum information.4 Spin-1/2 is a natural candidate for the
quantum bit (qubit) realization. In a spin-based quan-
tum computer, the information is contained in the unit
vector along which the spin is polarized. Writing and
reading information on a spin qubit is thus equivalent to
polarizing the spin along a specific direction and iden-
tifying the direction along which the spin is polarized,
respectively. We distinguish between two different real-
izations of spin qubits, namely static and mobile qubits.
In static qubit realizations the information transfer is ac-
complished by transferring the state of the qubit, rather
than the qubit itself. For instance, if the qubits are rep-
resented by the spins of electrons localized on a quan-
tum dot,5–7 then the information is transferred along a
chain of quantum dots via exchange interactions between
neighboring dots. With mobile qubits,8,9 the qubit itself
is moved around the quantum circuit, carrying the infor-
mation from one point to another. A major advantage
of those over static ones is the ability to manipulate mo-
bile qubits by static electric and magnetic fields in pre-
defined regions rather than by expensive high-frequency
electromagnetic pulses.10 Here we consider mobile qubits.
In Ref. 8 it has been proposed to implement a system
of mobile spin qubits in a two-dimensional electron gas
(2DEG) by using surface acoustic waves (SAW) that cap-
ture single electrons in their potential minima and drag
them through a parallel connection of N quantum one-
dimensional channels. A single quantum computation is
performed by the N electrons in a single SAW minimum
as they are being dragged through a pattern of mag-
netic and nonmagnetic quantum gates. The feasibility
of this setup was demonstrated for two parallel channels
(N = 2) by Ebbecke et al..11
For a quantum computation it is necessary to provide
qubits in pure states.4 Hence, a major aim of spintronics
is to build mesoscopic spin valves (or spin filters), which
polarize the spins going through them along tunable di-
rections. At first glance, the easiest way to construct such
devices is by using ferromagnets that inject and/or col-
lect polarized electrons. However, the connection of fer-
romagnets to semiconductors is inefficient, due to a large
impedance mismatch between them.2,12 A completely dif-
ferent approach is to use spintronic devices that do not
involve ferromagnetism at all.13,14 Here we discuss such
filters that avoid ferromagnets.
Recently, several groups proposed spin filters based on
a single loop, subject to both electric and magnetic fields
perpendicular to the plane of the loop.15–17 An important
question that has not been addressed in those studies is
whether spin filtering is robust against current leakage,
for example due to quantum tunnelling out of the loop.
Furthermore, in a practical device, with the application
of finite source-drain bias voltage, the wires which con-
nect the four dots are inevitably charged up if they are
electrostatically isolated. To avoid such probably unfa-
vorable effects, one needs to ground them, which leads
to current leakage. In this paper we examine this ques-
2tion in the context of the diamond loop subject to both
an Aharonov-Bohm (AB) flux18 and a spin-orbit inter-
action (SOI), discussed in our previous paper (see Fig.
1).17 There, we have shown that with a certain symme-
try between the two branches of the diamond, and with
appropriate tuning of the electric and magnetic fields (or
of the diamond shape), this device serves as a perfect
spin filter as well as a spin analyzer.
FIG. 1: The lossless diamond. The diamond is penetrated by
a magnetic flux Φ, and its edges (of length L) are subject to
spin-orbit interactions.
In the presence of an electric field, free electrons expe-
rience the well-known SOI in vacuum,19
HSO = Λσ · [p×∇V (r)] . (1)
Here, Λ = ~/ (2m0c)
2
(m0 is the mass of a free electron
and c is the speed of light in vacuum), p is the elec-
tron momentum, V (r) is the electric scalar potential, and
the Pauli matrices σ are related to the electron spin via
s = ~σ/2. In a 2DEG formed in mesoscopic structures,
made of narrow-gap semiconductor heterostructures, the
SOI is modified due to an external applied potential (e.g.
gate voltage) and a periodic lattice potential.20 The final
result can often be recast as an effective SOI Hamilto-
nian, of the general form HSO = (~kSO/m)(pi ·σ), where
kSO characterizes the SOI strength, pi is a linear combi-
nation of the electron momentum components px and py
and m is the effective mass, usually much smaller than
m0. The related energy scale can be larger than that of
Eq. (1) by as much as six orders of magnitude.
Two special cases of the linear (in the momentum) SOI
should be emphasized, namely the Rashba SOI21 and the
Dresselhaus SOI.22 The Rashba SOI is a result of a con-
fining potential well which is asymmetric under space in-
version. For an electric fieldE = −∇V in the z direction,
this SOI has the form
HR =
~kR
m
(
pyσx − pxσy
)
. (2)
The coefficient kR depends on the magnitude of E, and
can be controlled by a gate voltage, as shown in sev-
eral experiments.23–27 The Dresselhaus SOI results from
a lattice potential which lacks inversion symmetry. For
a 2DEG this SOI is given by
HD =
~kD
m
(
pxσx − pyσy
)
, (3)
where kD usually depends on the crystal structure and
only weakly (if at all) on the external field. When a spin
moves in the presence of these SOIs a distance L in the
direction of the unit vector gˆ, its spinor |χ〉 transforms
into |χ′〉 = U |χ〉, with the unitary spin rotation matrix
U = eiK ·σ .28,29 Here, the vector K is
K = αR
(
−gy, gx, 0
)
+ αD
(
−gx, gy, 0
)
, (4)
with the dimensionless coefficients αR,D ≡ kR,DL. Below
we use the unitary matrix U and the parameters αR,D to
characterize the hopping between adjacent bonds in the
presence of SOI.
In addition to the SOI related phase, electrons also
gain an AB phase φ in the presence of a magnetic flux Φ
penetrating the loop.18 When an electron goes around a
loop, its wave function gains an AB phase φ ≡ 2πΦ/Φ0,
where Φ0 = hc/e is the flux quantum (e is the electron
charge).30 The combined effect of the SOI and the AB
flux is to transform the spinor |χ〉 of an electron that
goes around a loop into |χ′〉 = u|χ〉, where the unitary
matrix u is of the form
u = uABuSOI = e
iφ+iω·σ . (5)
Here uAB = e
iφ
1 (1 is the 2 × 2 unit matrix) is the di-
agonal transformation matrix due to the AB flux and
uSOI = e
iω·σ is the transformation matrix due to the
SOI. The latter is a product of matrices of the form
eiK·σ discussed above, each coming from the local SOI
on a segment of the loop.17
In the present paper we study the sensitivity of the
spin filter to leakage of currents from the branches of
the interferometer. To model this leakage, we generalize
the diamond interferometer shown in Fig. 1 by allow-
ing for an arbitrary number of tight-binding sites along
each edge of the diamond. Each site is connected to a
one-dimensional lead, which allows only an outgoing cur-
rent to an absorbing reservoir (see Fig. 2 and a detailed
description below).31 We calculate the spin-dependent
transmission through the diamond and thus generalize
the results of Ref. 17 to include the effects of the leak-
age. We show that the diamond interferometer may still
serve as a perfect spin filter and spin analyzer, even in
the presence of current leakage. With slight modifica-
tions, the requirements for the symmetry between the
two branches and for a specific relation between the AB
flux and the SOI strength, derived in Ref. 17, are pre-
served. There we presented conditions for achieving this
symmetry independent of the electrons’ energy. These
conditions were quite difficult to be realized. Here we
show that under linear-response conditions, when all the
electrons have the same Fermi energy, it is relatively easy
3to achieve this symmetry by tuning a single gate voltage
on one of the interferometer branches. Furthermore, we
show that once the filtering conditions are obeyed, the
blocked polarization and the polarization of the outgoing
electrons are not affected by the current leakage, being
the same as for the lossless diamond.
The outline of the paper is as follows: in Sec. II we first
define the model and present a general calculation of the
transmission through the diamond, valid for any internal
structure of the two one-dimensional paths (Sec. II A),
and then find the conditions for full filtering (Sec. II B).
The differences and similarities between the lossless and
lossy diamonds are analyzed. The results are discussed
and summarized in Sec. III.
II. THE LOSSY DIAMOND
A. Details of the model
Let us consider the scattering of spin-1/2 electrons by a
lossy diamond with arbitrary SOI and AB flux, as shown
in Fig. 2. Each edge uv (uv = Lb, Lc, cR, bR) of the
diamond consists of M + 1 tight-binding sites with lat-
tice constant a, labelled from left to right. The length of
each edge is L = Ma and we allow for arbitrary opening
angle, 2β of the diamond. The sites on the corners are
labelled as L, R, b and c (Fig. 2) and are characterized
by site energies ǫ0,L, ǫ0,R, ǫ0,b and ǫ0,c, respectively. The
sites n = 1, . . . ,M − 1 on each edge uv have zero site
energies ǫ0 = 0. To allow for a possible current leakage,
each of these sites is connected to an absorbing channel,
modelled as a one-dimensional tight-binding chain with
site energies ǫ0 = 0 and free of SOI. Electrons can tunnel
out of the interferometer through these absorbing chan-
nels. The hopping amplitude on the first bond on each
absorbing channel is Jx,uv, while the other bonds have
a hopping amplitude j. The diamond is connected at
sites L and R to two leads with site energies ǫ0 = 0 and
hopping amplitudes j.
The tight-binding Schro¨dinger equations for the
spinors |ψuvn 〉 at sites n = 1, . . . ,M − 1 on edge uv of
the diamond are
ǫ|ψuvn 〉 = −Juv
(
Uuv|ψ
uv
n−1〉+ U
†
uv|ψ
uv
n+1〉
)
− Jx,uv|Ψ
uv
0 〉,
(6)
where Uuv is a 2 × 2 unitary matrix, Juv is a hopping
amplitude for bonds on edge uv, and |Ψuv0 〉 is the spinor
at the first site of the absorbing channel, connected to
one site on edge uv of the diamond. The corresponding
equations for the spinors |Ψuvn 〉 at sites n = 0, 1, . . . on
each of the absorbing channels are
ǫ|Ψuvn 〉 = −j
(
|Ψuvn−1〉+ |Ψ
uv
n+1〉
)
, n ≥ 1,
ǫ|Ψuv0 〉 = −j|Ψ
uv
1 〉 − J
∗
x,uv|ψ
uv
n 〉. (7)
Assuming only outgoing waves on the absorbing chan-
nels, with spinors |Ψuvn 〉 = tuv|χ
uv〉eikna, and energy
FIG. 2: The lossy diamond. The diamond is penetrated
by a magnetic flux Φ, and its edges (of length L) are sub-
ject to spin-orbit interaction. Electrons can tunnel out of
the interferometer from sites n = 1, . . . ,M − 1 on edge uv
(uv = Lb, Lc, cR, bR) through absorbing channels.
ǫ = −2j cos (ka), one can eliminate the spinor |Ψuv0 〉 =
tuv|χ
uv〉 from Eqs. (7).31 Substitution into Eqs. (6)
yields
(ǫ− ǫ˜uv) |ψ
uv
n 〉 = −Juv
(
Uuv|ψ
uv
n−1〉+ U
†
uv|ψ
uv
n+1〉
)
, (8)
with the site self energy ǫ˜uv given by
ǫ˜uv = −
|Jx,uv|
2eika
j
. (9)
The tight-binding Schro¨dinger equations (8) are easily
solved with the transformation
|ψuvn 〉 = U
n
uv|ϕ
uv
n 〉, (10)
by which Eqs. (8) read
(ǫ− ǫ˜uv) |ϕ
uv
n 〉 = −Juv
(
|ϕuvn−1〉+ |ϕ
uv
n+1〉
)
. (11)
Therefore, in terms of the transformed spinors |ϕuvn 〉, the
tight-binding equations (11) include neither the AB flux
nor the SOI. The solution in terms of the spinors at the
diamond corners is thus32
|ϕuvn 〉 =
sin [kuv (M − n) a] |ψu〉+ sin (kuvna)U
−M
uv |ψv〉
sin (kuvMa)
,
(12)
where the wave vector kuv satisfies the equation
ǫ − ǫ˜uv = −2Juv cos (kuva) . (13)
For Jx,uv 6= 0 the solution of Eq. (13) yields a complex
wave vector, which implies an exponential decay of the
propagating waves, due to a leakage of part of the elec-
trons out of the interferometer into the absorbing chan-
nels.
4The tight-binding Schro¨dinger equations for the
spinors at the diamond corners are
(
ǫ− ǫ0,L
)
|ψL〉 = −JLbU
†
Lb|ψ
Lb
1 〉 − JLcU
†
Lc|ψ
Lc
1 〉 − j|ψ
L
−1〉,(
ǫ− ǫ0,b
)
|ψb〉 = −JbRU
†
bR|ψ
bR
1 〉 − JLbULb|ψ
Lb
M−1〉,(
ǫ− ǫ0,c
)
|ψc〉 = −JcRU
†
cR|ψ
cR
1 〉 − JLcULc|ψ
Lc
M−1〉,(
ǫ− ǫ0,R
)
|ψR〉 = −JcRUcR|ψ
cR
M−1〉 − JbRUbR|ψ
bR
M−1〉
− j|ψRM+1〉, (14)
with |ψLn 〉 (n ≤ 0) and |ψ
R
n 〉 (n ≥ M) being the spinors
at the sites on the left and right leads, respectively. By
using the transformation (10) together with Eq. (12) for
the transformed spinors, Eqs. (14) take the form
(ǫ − ǫL) |ψL〉 = −J
′′
LbU
−M
Lb |ψb〉 − J
′′
LcU
−M
Lc |ψc〉 − j|ψ
L
−1〉,
(ǫ − ǫb) |ψb〉 = −J
′′
bRU
−M
bR |ψR〉 − J
′′
LbU
M
Lb |ψL〉,
(ǫ − ǫc) |ψc〉 = −J
′′
cRU
−M
cR |ψR〉 − J
′′
LcU
M
Lc|ψL〉,
(ǫ − ǫR) |ψR〉 = −J
′′
cRU
M
cR|ψc〉 − J
′′
bRU
M
bR|ψb〉
− j|ψRM+1〉, (15)
with the site self energies
ǫL = ǫ0,L − J
′
Lb − J
′
Lc,
ǫb = ǫ0,b − J
′
bR − J
′
Lb,
ǫc = ǫ0,c − J
′
Lc − J
′
cR,
ǫR = ǫ0,R − J
′
cR − J
′
bR, (16)
and with
J ′uv = Juv
sin [kuv (M − 1) a]
sin (kuvMa)
, (17)
J ′′uv = Juv
sin (kuva)
sin (kuvMa)
. (18)
Equations (15) are analogous to Eqs. (7) of Ref. 17. All
the modifications caused by the current leakage are em-
bodied in the site self energies ǫL, ǫb, ǫc, and ǫR [Eqs.
(16) and (17)] and the complex effective hopping ampli-
tudes J ′′Lb, J
′′
Lc, J
′′
cR, J
′′
bR [Eqs. (18)].
33 Elimination of
|ψb〉 and |ψc〉 from Eqs. (15) yields
(ǫ− yL) |ψL〉 =WRL|ψR〉 − j|ψ
L
−1〉,
(ǫ− yR) |ψR〉 =WLR|ψL〉 − j|ψ
R
M+1〉, (19)
where
yL = ǫL +
J ′′2Lb
ǫ− ǫb
+
J ′′2Lc
ǫ− ǫc
,
yR = ǫR +
J ′′2bR
ǫ− ǫb
+
J ′′2cR
ǫ− ǫc
, (20)
WLR = γbUb + γcUc,
WRL = γbU
†
b + γcU
†
c , (21)
with the complex coefficients
γb =
J ′′LbJ
′′
bR
ǫ− ǫb
,
γc =
J ′′LcJ
′′
cR
ǫ− ǫc
, (22)
and the unitary matrices
Ub = U
M
bRU
M
Lb,
Uc = U
M
cRU
M
Lc. (23)
The matrices Ub and Uc correspond to transitions from
left to right through the upper and lower paths, respec-
tively.
Consider a wave coming from the left, namely
|ψLn 〉 = |χin〉e
ikna + r|χr〉e
−ikna, n ≤ 0,
|ψRn 〉 = t|χt〉e
ik(n−M)a, n ≥M, (24)
where |χin〉, |χr〉 and |χt〉 are the incoming, reflected
and transmitted normalized spinors, respectively, with
the corresponding reflection and transmission amplitudes
r and t. The transmission and reflection amplitude ma-
trices are defined by the relations
t|χt〉 ≡ T |χin〉, r|χr〉 ≡ R|χin〉. (25)
To calculate these matrices, we substitute Eqs. (24) into
Eqs. (19). This yields17
T = 2ij sin (ka)WLR (Y 1−WRLWLR)
−1
, (26)
R = −1− 2ij sin (ka)XR (Y 1−WRLWLR)
−1
, (27)
where
XL,R = yL,R + je
−ika,
Y = XLXR. (28)
Compared with the expressions for the transmission and
reflection amplitudes of the lossless diamond [Eqs. (14) in
Ref. 17], one notes the following difference. In the lossless
diamond the coefficients γb and γc [Eqs. (22)] are real and
then, according to Eqs. (21), the relationWRL =W
†
LR
holds. In the lossy diamond, on the other hand, the
coefficients γb and γc are complex and WRL 6= W
†
LR.
Hence WRLWLR, involved in both T and R, is not an
hermitian matrix as in the lossless case. Nevertheless,
in the next subsection we show that spin filtering may
still be obtained in the presence of current leakage by
appropriately tuning the gate voltages and the magnetic
field.
B. Filtering conditions for the lossy diamond
In this section we study the properties of the spin-
dependent transmission matrix (26) and write it in a form
5that enables us to derive the spin filtering conditions.
Consider first the matrix WRLWLR. Using Eqs. (21),
we get
WRLWLR = γ
2
b + γ
2
c + γbγc
(
u+ u†
)
, (29)
where u = U †bUc is the unitary matrix representing an
anticlockwise hopping from site L back to site L around
the loop. As discussed in the introduction, the matrix
u has the form u = eiφ+iω·σ and therefore u + u† =
2 (cosω cosφ− sinω sinφωˆ · σ). Thus, Eq. (29) can be
written as
WRLWLR = A+B · σ, (30)
with
A = γ2b + γ
2
c + 2γbγc cosω cosφ,
B = 2γbγc sinω sinφ nˆ = Bnˆ. (31)
Here, nˆ ≡ −ωˆ is a real unit vector along the direction
of −ω. Defining the eigenstates of the spin component
along an arbitrary direction nˆ via nˆ·σ|±nˆ〉 = ±|±nˆ〉, we
identify the eigenvectors ofWRLWLR as | ± nˆ〉, namely
WRLWLR| ± nˆ〉 = λ±| ± nˆ〉, (32)
with the corresponding eigenvalues λ± being
λ± = A±B = γ
2
b + γ
2
c + 2γbγc cos (φ± ω) . (33)
Consider an incoming electron with its spin polarized
along ±nˆ. The spinor at the output of the diamond will
be
t±|χ
out
± 〉 = T | ± nˆ〉 =
2ij sin (ka)
Y − λ±
WLR| ± nˆ〉. (34)
The transmission amplitudes t± for the two opposite
polarizations are calculated from the scalar product of
Eq. (34) with itself using the normalization condition
〈χout± |χ
out
± 〉 = 1. Thus,
|t±|
2 =
∣∣∣∣2ij sin (ka)Y − λ±
∣∣∣∣
2
〈±nˆ|W †LRWLR| ± nˆ〉. (35)
To calculate the expectation value in Eq. (35), note that
by using Eqs. (21) the matrixW †LRWLR is found to be
W
†
LRWLR = |γb|
2 + |γc|
2 +
(
γ∗b γcu+ γbγ
∗
cu
†
)
. (36)
Substituting u = eiφ+iω·σ , γb = |γb|e
iδ
b and γc = |γc|e
iδ
c
into the last relation gives
W
†
LRWLR = ALR +BLR · σ, (37)
with
ALR = |γb|
2 + |γc|
2 + 2|γb||γc| cosω cos φ˜,
BLR = 2|γb||γc| sinω sin φ˜ nˆ = BLRnˆ, (38)
and φ˜ = φ+δc−δb. Hence, the eigenvectors ofW
†
LRWLR
are also | ± nˆ〉 and the corresponding eigenvalues are
λLR,± = ALR ±BLR = |γb|
2 + |γc|
2
+ 2|γb||γc| cos
(
φ˜± ω
)
. (39)
Then, according to Eq. (35) the transmission amplitudes
t± are
|t±| =
2j| sin (ka) |
|Y − λ±|
√
λLR,±. (40)
Now let us find the direction of the transmitted spinors
|χout± 〉. Substituting Eq. (40) into Eq. (34), we get
|χout± 〉 =
e−iδ±√
λLR,±
WLR| ± nˆ〉, (41)
with δ± being some arbitrary phases. Using Eqs. (32)
and (41), one finds
WLRWRL|χ
out
± 〉 = λ±|χ
out
± 〉, (42)
which shows that |χout± 〉 is an eigenstate of WLRWRL.
Calculating this matrix from Eqs. (21), we find
WLRWRL = γ
2
b + γ
2
c + γbγc
(
u′ + u′†
)
, (43)
with u′ = UbU
†
c . The eigenvectors of the matrix
WLRWRL correspond to some new direction nˆ
′, so that
|χout± 〉 = | ± nˆ
′〉. Therefore we can write WLR as
WLR = e
iδ−
√
λLR,−| − nˆ
′〉〈−nˆ|+ eiδ+
√
λLR,+|nˆ
′〉〈nˆ|.
(44)
Similarly, Eq. (34) implies that the transmission ampli-
tude matrix [Eq. (26)] has the form
T = t−| − nˆ
′〉〈−nˆ|+ t+|nˆ
′〉〈nˆ|. (45)
This form enables us to derive the explicit conditions for
spin filtering as follows.
Expanding an arbitrary incoming spinor |χin〉 in the
basis | ± nˆ〉,
|χin〉 = c−| − nˆ〉+ c+|nˆ〉, (46)
where c± ≡ 〈±nˆ|χin〉, the outgoing spinor is
t|χout〉 = T |χin〉 = c−t−| − nˆ
′〉+ c+t+|nˆ
′〉. (47)
Equation (47) implies that the outgoing spinor is po-
larized along a definite direction | ∓ nˆ′〉, provided that
one of the eigenvalues λLR,± vanishes. For example, if
λLR,− = 0, then t− = 0 [Eq. (40)] and the lossy dia-
mond then serves as a perfect spin filter, since all outgo-
ing electrons have their spin polarized along nˆ′. More-
over, once the parameters of the device have been ap-
propriately tuned so that t− = 0, this device can also
6serve as a spin analyzer.17 We emphasize that the blocked
spinors, | ± nˆ〉, and the transmitted ones, | ± nˆ′〉, being
the eigenvectors of the matrices WRLWLR [Eq. (29)]
and WLRWRL [Eq. (43)], respectively, are completely
determined by the AB and SOI phases. To see this,
note that the eigenvectors ofWRLWLR andWLRWRL
are simply the eigenvectors of u + u† and u′ + u′†, re-
spectively, where u = U †bUc = U
−M
Lb U
−M
bR U
M
cRU
M
Lc and
u′ = UbU
†
c = U
M
bRU
M
LbU
−M
Lc U
−M
cR . Since the hopping
matrices Uuv depend only on the AB and SOI phases,
the directions ±nˆ and ±nˆ′ are determined solely by
these phases and are not affected by the current leak-
age. Hence, the blocked and transmitted directions can
be manipulated by the external electric and magnetic
fields.
From Eq. (39) it follows that λLR,± ≥ 0 and the equal-
ity λLR,− = 0 holds only if
|γb| = |γc| ≡ γ,
cos
(
φ˜− ω
)
= −1. (48)
We now discuss these two conditions.
The first condition in Eqs. (48) can be interpreted
as a requirement for a symmetry relation between the
two paths. Recall that γb and γc are the complex ef-
fective hopping amplitudes for the two branches of the
loop. In the case of the lossless diamond, we required
that this condition be satisfied independently of the elec-
tron energy ǫ. In the present case, this symmetry can
be achieved by tuning the various parameters of edges
Lb and bR to be equal to those of edges Lc and cR, i.e.
either
JLb = JLc, JbR = JcR,
Jx,Lb = Jx,Lc, Jx,bR = Jx,cR, (49)
or
JLb = JcR, JbR = JLc,
Jx,Lb = Jx,cR, Jx,bR = Jx,Lc, (50)
and in addition ǫ0,b = ǫ0,c. However, it is not obvious
that such a tuning of the parameters can be realized in
an experimental setup.
Alternatively, one can work in the linear-response
regime, where all the electrons have the same energy,
equal to the Fermi energy of the leads. In this case, the
first condition in Eqs. (48) should be satisfied for a sin-
gle specific energy, and this can be achieved by tuning
only a single gate voltage, e.g. that which controls the
site energy ǫ0,b (or ǫ0,c).
The second condition in Eqs. (48), namely ω = φ˜+ π,
imposes a relation between the AB flux and the SOI
strength. We remind the reader that φ˜ = φ + δc − δb,
with δb and δc being the phases of γb and γc, respectively.
This should be compared with the condition ω = φ+ π,
derived for the lossless diamond.17 As emphasized in Ref.
17, this relation for the lossless diamond depends neither
on the electron energy ǫ, nor on the site energies, since
φ and ω depend only on the unitary matrices Ui. In the
lossy diamond, on the other hand, the relation ω = φ˜+π
generally depends both on the electron energy and on
the site energies [since γb and γc depend on these param-
eters, see Eqs. (22)]. However, with one of the choices
(49) or (50), the two paths are completely symmetric,
so that δb=δc and the relation between the AB flux and
the SOI strength becomes identical to that of the lossless
diamond. Alternatively, working in the linear-response
regime, one has to tune experimentally the AB flux to
satisfy the condition ω = φ + δc − δb + π for specific
values of δb and δc (which are determined by the Fermi
energy of the leads and by the various hopping ampli-
tudes, site energies and leakage parameters). For further
details, see the appendix.
Finally, we comment on the magnitude of the transmis-
sion of the polarized electrons through the filter. Since
one does not expect the tight-binding model to be valid
near the band edges, we confine ourselves to the cen-
ter of the band, ǫ = 0 or ka = π/2, where the details
of the model chosen are not so important. In the loss-
less diamond, it was shown in Ref. 17 that by fixing j
and Juv ≡ J , one has T+(ǫ = 0) = |t+(ǫ = 0)|
2 = 1
at φ = φ0 if the various parameters are tuned to be
γ = γ0 = j/ (2 sinφ0), ǫ0,b = −J
2/γ0, and ǫ0,L = ǫ0,R =
−2γ0. Using Eq. (40) with these choices, the transmis-
sion T+(ǫ = 0) = |t+(ǫ = 0)|
2 takes the form17
T+(ǫ = 0, φ) =
4 sin2 φ sin2 φ0(
sin2 φ+ sin2 φ0
)2 . (51)
This function is plotted in Fig. 3(a) for two values of φ0
and for J = 4j. To compare with the transmission T+
of the lossy diamond, we use the same parameters cho-
sen above, but now we ”turn on” the leakage by setting
M = 5 and Jx,uv = 0.2j. The results are shown in Fig.
3(a). Figure 3(b) shows the transmission T+ as a function
of ka with the AB flux fixed at φ = φ0, for the parame-
ters chosen above and for J = 4j. Two curves correspond
to the lossless diamond (M = 1 and Jx,uv = 0) and the
other two correspond to the lossy diamond with M = 5
and Jx,uv = 0.2j. Comparing the transmissions of loss-
less and the lossy diamonds presented in Fig. 3, several
differences can be detected. First, the maximal transmis-
sion of the lossy diamond is less than one. This is an obvi-
ous effect of the lossy diamond, since part of the incident
current leaks into the absorbing channels. This leakage
increases as the tunnelling from the diamond edges to
each absorbing channel, represented by Jx,uv, increases
or when the number of absorbing channels M increases.
Second, Fig. 3(a) shows that the maximal transmission
is not obtained for φ = φ0 but for a flux slightly larger
than φ0. Third, in Fig. 3(b) we see that the transmis-
sion as a function of ka is much narrower than that of
the lossless case.
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FIG. 3: (Color online) The transmission of the polarized elec-
trons, T+(ǫ, φ) (a) as a function of the AB flux φ (in units
of π) for ǫ = 0 (ka = π/2) and (b) as a function of ka (in
units of π) for φ = φ0. Solid and dashed curves correspond
to maxima of T+(ǫ = 0, φ) at φ0 = 0.1π and φ0 = 0.2π, re-
spectively. Thin (blue) and thick (black) curves correspond
to the lossless (M = 1 and Jx,uv = 0) and lossy (M = 5 and
Jx,uv = 0.2j) diamonds, respectively.
III. SUMMARY AND CONCLUSIONS
We have generalized the results of the single-diamond
interferometer made of materials with significant SOIs
and penetrated by an AB flux, discussed in Ref. 17,
to the case where losses are present. In particular, we
have considered losses due to a current leakage out of the
diamond into absorbing channels, modelled as 1D tight-
binding chains. Our calculations show that spin filter-
ing (and consequently also spin reading) can be achieved
even in the presence of current leakage. The filtering
conditions found in Ref. 17, namely the condition for a
symmetry relation between the two branches (γb = γc)
and the relation between the AB phase and the SOI
phase (φ = ω + π) are modified. In the lossy diamond
γb and γc are complex numbers and the first condition
takes the form |γb| = |γc|. Since γb and γc depend on
the various parameters (leakage parameters Jx,uv, hop-
ping amplitudes Juv, electron energy ǫ and site energies
ǫ0,b and ǫ0,c) in a complicated manner, it is difficult to
derive general analytical relations between these param-
eters from this condition. The solution simplifies for the
completely symmetric diamond [Eqs. (49) and (50)] for
which the condition |γb| = |γc| is trivially satisfied. The
second condition, φ = ω + π, is still valid provided that
φ is replaced by φ˜ = φ + δc − δb, with δb and δc being
the phases of γb and γc, respectively. For the completely
symmetric diamond one has δb = δc and this condition
is the same as for the lossless diamond. An alternative
way to satisfy the filtering conditions is by working in
the linear-response regime. In that regime, transport of
electrons occurs at the Fermi energy of the leads. The
filtering conditions can then be satisfied simultaneously
by tuning the AB flux and one of the site energies ǫo,b or
ǫo,c.
Once the filtering conditions are obeyed, the transmit-
ted electrons are fully polarized. The effects of the leak-
age on the transmission can be summarized as follows:
(1) The maximal transmission in the lossy diamond is
always smaller than one and the maximum decreases
with increasing leakage parameters or with increasing
length of each edge of the diamond.
(2) Viewed as a function of the flux φ, the transmission of
the lossy diamond is shifted to slightly higher fluxes
relative to the transmission of the lossless diamond,
while viewed as a function of ka, the transmission of
the lossy diamond is narrower than the transmission
of the lossless diamond.
However, it should be emphasized that quantities which
depend only on the hopping matrices UMuv , are not af-
fected by the leakage. For instance, the dependence of
the SOI phase ω on the SOI strength and on the geom-
etry of the diamond (through the opening angle 2β) is
the same as in the lossless diamond and so are the direc-
tions nˆ and nˆ′ of the filtered and the transmitted elec-
trons. Analytical expressions for the SOI phase and for
the blocked and transmitted spinors in the lossless dia-
mond have been obtained in Ref. 17 for the Rashba-only
SOI and for both Rashba and Dresselhaus SOI.34 Those
expressions thus remain valid for the lossy diamond.
In conclusion, while the filtering conditions are slightly
modified, many of the device properties remain the same
as in the lossless case. These properties can be manip-
ulated by external electric and magnetic fields and are
insensitive to the current leakage in the framework of the
model presented here.
Appendix: spin filtering in the asymmetric
interferometer
We have pointed out that realizing a symmetric inter-
ferometer in the experiment may be a difficult task. We
8have mentioned that the filtering conditions (48) can be
fulfilled for an arbitrary asymmetric interferometer by
working in the linear-response regime. Let us assume
that the Fermi energy of the leads lies at the center of
the tight-binding band (i.e. ǫ = ǫF = 0 or ka = π/2).
Then, one can satisfy the first condition in Eqs. (48)
(with ǫ = 0) by tuning only the site energy ǫ0,b. The
phase δb−δc is then fixed, and one can satisfy the second
condition in Eqs. (48) by tuning the AB flux. To ex-
amine the variation of γb/γc as a function of ǫ0,b, we set
JLb = 3j, JbR = 4j, JLc = 2.5j, JcR = 3.8j, Jx,Lb = 0.1j,
Jx,bR = 0.2j, Jx,Lc = 0.05j, Jx,cR = 0.25j, M = 5 and
ǫ0,c = 2j and plot |γb/γc| and δb − δc in Fig. 4 as a
function of ǫ0,b. The dashed (red) line in Fig. 4(a) cor-
responds to |γb/γc| = 1. The intersection of the two
curves occurs at the values ǫ∗0,b for which the first condi-
tion in Eqs. (48) holds. Figure 4(a) shows that |γb/γc|
changes slowly at the vicinity of ǫ∗0,b. Furthermore, Fig.
4(b) shows that the phase δb− δc is also a slowly varying
function of ǫ0,b at the vicinity of ǫ
∗
0,b. This means that
the fulfillment of the filtering conditions (48) is not sen-
sitive to small deviations of ǫ0,b from ǫ
∗
0,b. The results
presented in Fig. 4 have a weak dependence on the var-
ious energies. The width and the height of the peak in
Fig. 4(a) and the width of the crossover region in Fig.
4(b) change slightly with the various energies, but the
overall shape is robust.
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δb − δc (in units of π) on the site energy ε0,b (in units of j)
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Lc. Comparing with the form
u = eiφ+iω·σ = eiφ (cosω + i sinωωˆ · σ), one extracts the
relations for cosω, sinω and the blocked direction nˆ = −ωˆ.
